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HIGH-TEMPERATURE DIELECTRIC PROPERTIES OF CANDIDATE
SPACE-SHUTTLE THERMAL-PROTECTION-SYSTEM
AND ANTENNA-WINDOW MATERIALS

By Melvin C. Gilreath and Stark L. Castellow, Jr.
Langley Research Center

SUMMARY

An experimental program was conducted to measure the dielectric properties of
several candidate space-shuttle antenna-window and thermal-protection-system (TPS)
materials from ambient to approximately 1473 K. The results obtained during this meas-
urement program are presented. A description of the high-temperature-measurement
technique used is given. Several problem areas associated with the low-fensity reusable
surface insulation (RSI) materials are discussed.

The dielectric properties as a function of temperature of other dielectric materials
being considered for possible space-shuttle applications are also presented.

INTRODUCTION

Several of the space~shuttle-orbiter antennas must be located on the forward lower
portion of the vehicle to provide the required radiation patterns. These antennas and the
orbiter must be thermally protected from reentry-surface temperatures exceeding 1473 K.
In an attempt to satisfy the space-shuttle thermal protection requirements, several non-
metallic external reusable surface insulation (RSI) materials have been developed. If such
a material is used for the thermal-protection system (TPS), its use also for thermal pro-
tection of the antennas would be desirable. Generally, the thermal protection material
covering antennas should preferably have a low value of both dielectric constant and loss
tangent. Also, these properties should not change appreciably as a function of tempera-
ture. This investigation was conducted to determine the dielectric properties of the candi-
date materials over the temperature range to which they could be exposed during a shuttle
reentry. No attempt was made in this investigation to determine the amount of change
that could be tolerated in the dielectric properties and still maintain acceptable antenna
performance. In addition to the thermal-protection-system (TPS) materials, several state-
of-the-art antenna-window materials were also evaluated for possible use if the TPS mate-
rials were found to be unacceptable as antenna covers. Other materials being considered
for possible reusable surface insulation (RSI) shock mounting or antenna insulation mate-
rials were evaluated but over a lower temperature range.



SYMBOLS

ag wide dimension of test sample, cm

Ay wide dimension of waveguide, cm

bg narrow dimension of test sample, cm

by, narrow dimension of waveguide, cm

dg length of test sample, cm

f frequency, Hz

fr, ) resonant frequency of loaded cavity .
fr 0 resonant frequency of unloaded cavity

Q quality factor of loaded cavity at resonance

Qo quality factor of unloaded cavity at resonance

T temperature, K (except in the program inputs, where 9C were used)
tan d loss tangent of dielectric medium

tan oy loss tangent of empty waveguide

tan 09 loss tangent of waveguide and‘ test sample

X distance from face of test sample to first minimum

X1 node position with empty waveguide

X9 node position with test sample in waveguide

AX = AX9 - AXy
AXy node width, 3 dB above the minimum in empty waveguide
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AXg node width, 3 dB above the minimum with test sample in waveguide

ag average coefficient of thermal expansion of test sample

Ay coefficient of thermal expansion of waveguide

Bs imaginary part of the propagation constant of wave in sample within waveguide
€p relative dielectric constant

Ao cut-off wavelength of waveguide

Ag wavelength in waveguide

p density of material, kg/m3

MATERIAL REQUIREMENTS

The material used to provide thermal protection for the antennas on a space shuttle
must satisfy several operational requirements. (See refs. 1 to 3.) Among these is the
requirement for the material to withstand repeated exposure to the high temperatures
experienced during reentry without serious degradation of its dielectric properties. Con-
tours of predicted maximum surface temperatures which the shuttle orbiter is expected to
encounter during reentry are presented in figure 1 (from ref. 1), Note that the tempera-
tures as given in reference 1 were Fahrenheit, whereas in figure 1, they are Kelvin. These
peak temperatures and the heating rates are less than those experienced on previous
spacecraft (for example, Apollo) during earth reentry; however, the duration of the max-
imum shuttle heating is much longer, as shown in figure 2 (from ref. 4). Again, note
change in temperatures from Fahrenheit to Kelvin. The calculations presented in figure 2
were performed for a forward bottom-center-line antenna location where an emittance of
0.8 was assumed for the RSI material on a high-cross-range orbiter.

CANDIDATE MATERIALS

The materials that were evaluated during this investigation are listed in table I.
Eighteen materials were evaluated, of which seven were antenna-window materials, seven
were TPS materials, and four were materials being considered for other applications.
The antenna-window materials consisted of boron nitrides (that is, hot pressed boron
nitride, isotropic pyrolytic boron nitride), silicas (that is, slip-cast fused silica, silica



composites), aluminum phosphate foam, and a low density silicone ablative material
(SLLA-220 V H/C). The ablative material was evaluated because of the possibility that an
ablative TPS might be used on the first vehicle if the RSI development has not progressed

sufficiently by time of first launch. .

The TPS materials were primarily RSI materials of a silica (namely, LI-900,
LI-1500) or fibrous (namely, mullite HCF, mullite MOD IA, mullite HCF MOD IIIA) com-
position having relatively low densities (p = 161 kg/ m3 to 295 kg/m3). (See table II.)
These materials are subject to moisture absorption, as well as to damage due to handling
and erosion. Also, they have poor emissivity properties. Several techniques have been
developed for providing waterproofing and erosion and handling resistance. One approach
has been to apply thin ceramic-like surface coatings from 0.254 mm to 0.762 mm thick.
Additives to these surface coatings have achieved normal emittance values of 0.8 to 0.9.
Detailed descriptions of some of the RSI materials are given in references 1 to 3. The
other materials included in the TPS category were a closed-porosity insulation material
(CPI-35) and an ablative material (SLA-561V H/C) of a silicone and cork composition.

The CPI-35 material has a density (p = 561 kg/m3) somewhat higher than the other RSI
materials; however, because of its closed pore structure, it is apparently less susceptible
to moisture absorption than some of the other materials. The desired emissivity can also
apparently be achieved by the use of high-emissivity additives to the bulk properties of the
material so that the surface-coating requirement is eliminated. The ablative TPS material
(SLA-561V H/C) having a density of 240 kg/ m3 was evaluated because it was being con-

. sidered as a possible backup TPS for the orbiter.

The remaining materials are those being considered for other space-shuttle applica-
tions. The rubber compounds (namely, L-4350, RL-1973, S-105) are being evaluated as
possible mounting or attachment materials for the RSI panels. Dynaquartz is being con-
sidered for use as an insulation material over the antennas. Since these materials are
being considered for applications requiring them to be placed over or near antennas and
could affect the antenna performance, a determination of their dielectric properties was
necessary.

DIELECTRIC PROPERTY MEASUREMENTS

Room Temperature

No published data were available on the room-temperature dielectric properties of
several of the candidate materials and this information was required before an accurate
determination of the test-sample size for the high-temperature tests could be made.
Therefore, each candidate material was evaluated at room temperature by utilizing
rectangular cavities to determine its dielectric constant and loss tangent. Transverse
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electric (TE1g1) dominant mode cavities having unloaded resonant frequencies of 8 to
15 GHz were used for the measurements. One of the test cavities with some typical test
samples is shown in figure 3.

The dielectric properties were determined by measuring the resonant frequency
and the associated quality factor for both the unloaded and loaded cavity conditions. From
reference 5,

fr o 2

T
€p =|—— (1)
’ (fr,1>

and
1/2
f

tan & = ~ - _1_<__1_‘2_Q> (2)

Q Qo\frg .

where fr,O and QO are the unloaded cavity parameters, and fr, ; and @ are the
loaded parameters. The resonant frequencies were measured by an interpolation method
(ref. 6, pp. 386-389). The response curves of the cavities were measured by the substi-
tution method, also given in reference 6 (pp. 403-405). The dielectric constant values
obtained by this technique were then used to determine the test-sample sizes needed for
the high-temperature measurements.

High-Temperature Measurements

Measurement technique.- The dielectric properties of most candidate materials
were measured from room temperature up to 1473 K by the short-circuited waveguide
technique (ref. 7). The basic measurement method is to determine the standing wave node
positions and 3-dB node widths of a short circuited waveguide with and without the presence
of the test sample as shown in figures 4(a) and 4(b). It was shown in reference 7 that for
loss tangents less than 0.1, the relative dielectric constant is determined by

1, (Bads)?
A (2ndg)?

S N O ®

—_

where
e waveguide cutoff wavelength

B2 imaginary part of the propagation constant of the wave in the sample within
the waveguide



dg sample length
Ag waveguide wavelength

The value of Bgdg is determined from the relation

2 'HXO

tan Bgdg Ag tan

Bods  2mdg

A
3 4)
where X, the distance from face of test sample to first minimum, is
nA
Xg =—E£ - |Xg - Xq - d (5)

The solution of equation (4) for p2dg is multivalued and will give several values for er.
If the correct one cannot be selected by previous knowledge of the material (that is,
approximate dielectric constant), a second measurement using a sample of different
length dg is necessary. The loss tangent of the waveguide and sample is calculated by
the equation (from ref. 7):

1 1 1 21X
2232 a2 Bzd&‘(l”anz p)
_AX\|"c g c T g 6
tan 52 —-E 1 1 ( )
—5t—3 Bzds(l + tanzﬁzds> - tan Bodg

where AX = AXg - AXj is the difference in minimum node widths with and without the test
sample in place., Since some dissipation is always present in the walls of the waveguide,

a measurement of the node width includes those losses together with the dielectric losses.
Consequently, the loss due to the section of waveguide must be determined and subtracted
from the value found for the waveguide and sample from equation (6). The loss tangent of
the empty waveguide can be determined from equation (6) after measuring AXj. In this
case €p would be unity, dg would be the distance from the measured minimum to the
shorted end of the waveguide, and both tan 27X0

g
Then, equation (6) gives for the loss tangent of the waveguide:

and tan f9dg would be very large.

AX4q 1
tan 5W = —a—s—' ——? (7)
1+-5
A2



Approximations were necessary in order to reduce the equations for the dielectric
constant and loss tangent to the simplified forms presented in equations (3) and (6). These
approximations were verified (ref. 7) by numerical calculations and for loss tangents less
than 0.1 the calculation of the dielectric constant can be made to an accuracy of approxi-
mately +1 percent. The accuracy of the approximation increases with decreasing loss
tangent. Similar accuracy is also obtained in the calculation of tan d9.

Prior to determination of the dielectric properties of the candidate materials as a
function of temperature, corrections must be included in the calculations to account for
changes in the waveguide and sample sizes as a function of temperature. Changes in the
sample and waveguide dimensions (that is, bg, dg, ay, and by) due to temperature
changes can produce changes in ¢, Ag, B2, Xg, X1, X3, AX{, and AXp which are
used in the calculation of €, and tan 6. Therefore, thermal expansion coefficients for
both the platinum-rhodium sample holder and the test samples must be included in the cal-
culations to compensate for any changes due to thermal expansion of these components
during the high-temperature tests.

H

Calculations.- The dielectric constant and loss tangent of each candidate material
were calculated by using equations (3) and (6) and a computer program similar to that
presented in reference 8. Extensive reference to this program was made in preparing a
program for use on the computer facilities at the Langley Research Center. The com-
puter program listing is presented in the appendix.

The input parameters to the computer program used for performing the calculations
are as follows:

(1) Temperature, T, °C
(2) Coefficient of thermal expansion of the waveguide, oy,
(3) Average coefficient of thermal expansion of the test :;ample, ag
(4) Frequency, f, Hz
(5) Wide dimension of waveguide, a, cm
(6) Narrow dimension of waveguide, by, cm
(7) Narrow dimension of test sample, bg, cm
(8) Length of test sample, dg, cm
(9) Node position with empty waveguide, Xy
(10) Node position with test sample in waveguide, Xg
(11) Node width, AXj, 3 dB above the minimum in empty waveguide
(12) Node width, AXg, 3 dB above the minimum with test sample in waveguide

(13) Estimate of dielectric constant of test sample



The calculation solves equation (4) and uses the first five solutions to substitute into
equation (3). The input estimate of the dielectric constant determines which values of the
relative dielectric constant and loss tangent are printed out.

Experimental.- A block diagram of the instrumentation used for the experimental
measurements is shown in figure 5, and figure 6 is a photograph of the experimental set-
up. The measurements were conducted at a fixed frequency of 10 GHz by using standard
microwave components and measurement methods. The test sample holder was a short-
circuited high-temperature waveguide constructed from a platinum-rhodium alloy. The
high-temperature waveguide and test samples were inserted in a tubular furnace for
heating from ambient up to a maximum temperature of 1473 K.

Dielectric sample.- The relative size and shape of the test sample required for the
high-temperature measurements are shown in figure 7. The test sample must fit inside

the end of the platinum-rhodium waveguide test section which has an internal cross sec-
tion of 1.0160 cm by 2.2860 cm. The transverse dimensions of the sample should be

0.005 cm less than those of the test section to allow for inserting and removing the sample.
The front and back surfaces should be parallel to within 0.001 cm and perpendicular to the
axis of the waveguide. The length dg of the sample depends upon the test frequency,
waveguide wavelength, and an estimate of the relative dielectric constant.

Several different techniques or methods had to be used to prepare the test samples.
Also, minor differences were observed in samples of the same materials. Some of the
more dense antenna-window materials (for example, SCFS, silica composites) had to be
machined by using diamond-tipped tools. The low-density RSI test samples were pre-
pared by more conventional machining techniques except where it was necessary to pre-
pare a sample having the ceramic-like surface coating. Diamond-tipped tools were
required to machine this type of coating accurately. Test samples were stored in plastic
bags after machining to reduce their exposure to moisture prior to testing. In addition to
being stored in plastic bags, those samples indicated in table II were oven dried to reduce
the moisture content before measurements of their dielectric properties were obtained.

Measurement procedure.- A calibration of the system with no test sample must be
made to determine the node position X3 and node width AX{ as a function of tempera-
ture before any material samples can be evaluated. During the high-temperature tests
the test frequency of 10 GHz was maintained to within 1 part in 108 per hour. The input
power was monitored and maintained at the same level for all tests.

The high-temperature waveguide was placed inside the tubular furnace and a meas-
urement of X1 and AX; was obtained with the waveguide at room temperature; then,
these measurements were repeated as a function of temperature in increments of 100 K
from 473 K up to 1473 K. The furnace was allowed to remain at each temperature
setting approximately 30 minutes before data were recorded. Once the furnace test
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section had stabilized at the desired temperature, the temperature controls maintained
this temperature to within +1 K. Two thermocouples were used to monitor the tempera-
tures of the furnace test section and the end of the waveguide where the test sample is
placed. This same procedure was used to measure all the candidate materials; however,
some materials were evaluated only at lower temperatures because of their limited tem-
perature capability.

Correction for undersize test sample.- In general, it is desirable to insert the test
sample into the waveguide so that there is no clearance between it and the waveguide;
however, the test sample was usually machined slightly undersize to facilitate its insertion
into and removal frem the waveguide. Because the sample does not precisely fit the wave-
guide containing it, as shown in figure 8, the measured dielectric properties are in error
and must be corrected. The equations used for making these corrections (ref. 5, p. 39)
for the rectangular waveguide are repeated herein. A small clearance between the short
wall of the rectangular waveguide and the sample can usually be neglected, since the elec-
tric field is almost zero in this region. The equations given are general and are based on
approximations which are valid only when tan 6 =0.1. The subscripts m and c denote
"measured'" and ""corrected," respectively. The corrected values for the dielectric con-
stant and loss tangent are given by

]OS
6' 1 8
¢ Em b-‘” - (b‘N - bs)em' ( )

by

tan 6. =tan &
¢ M b - (bw - bg)em

(9)

EXPERIMENTAL RESULTS AND DISCUSSION

Room Temperature

The results of the dielectric constant and loss tangent measurements made at room
temperature by using rectangular cavities are presented in tables II and III. Most of the
test samples were heated prior to being measured to reduce the moisture content; how-
ever, some materials (that is, rubber compounds, ablators) were not heated prior to the
dielectric property measurements since they are suitable only for low-temperature oper-
ation or short exposure times, and any heating could alter their dielectric properties.
Table II presents the dielectric property data obtained for all the materials evaluated at
room temperature and also includes the measured material densities. The frequencies at
which the measurements were made changed for each material because a different dielec-
tric constant produced a different resonant frequency of the test cavity.



In order to demonstrate the effect of moisture content on the dielectric properties
of the materials, several materials were measured both before and after drying, and
these results are presented in table III. The drying produced very little change in the
dielectric constant of the materials; however, the loss tangent improved considerably for
some materials (that is, IPBN, AS-3DX).

The room-temperature results presented for the materials after drying were com-
pared with published data (refs. 9 to 11) where available. The dielectric constant and loss
tangent data presented herein, which could be compared with existing data, is within
3.5 percent in €. and 225 percent in tan 6 of that data. Density variations, different
test frequencies, and drying techniques could account for some of the differences.

The dielectric constants determined from these room-temperature measurements
were used to calculate the length dg of the test samples needed for the high-temperature
tests.

High Temperature

The dielectric constants and loss tangents of most candidate materials were meas-
ured at 10 GHz as a function of temperature from ambient up to 1473 K. The results of
these measurements are presented in figure 9. Previously published data from refer-
ences 9 to 12 are also included in figure 9 for some materials.

Slip-cast fused silica (SCFS) was used initially as the calibration material and the
final results obtained for this material are presented in figure 9(a). The data presented
for SCFS represents at least five different tests and more than one test sample of mate-
rial, The results obtained for this material agree to within 1.5 percent in e and within
200 percent in tan &6 of those obtained previously (refs. 10 and 11). These results indi-
cated that the accuracies of the measurements and calculations were acceptable.

Dielectric properties for the other antenna-window materials as a function of tem-
perature are presented in figures 9(b) to 9(g). Figure 9(b) shows the data obtained for the
hot pressed boron nitride (HD-0092) material and the dielectric constant values agree to
within 1 percent of published data (ref. 12). The measured loss tangent data, however,
differ from published data by as much as 1100 percent at room temperature and decrease
to less than a 74-percent difference at 1473 K. Published data for this material were
obtained after drying the test sample in a vacuum oven, whereas the data obtained in the
present investigation were obtained after the test samples were dried at atmospheric
pressure. These drying processes could account for some of the difference in the loss
tangent data. After the high-temperature tests of this material, a deposit was always left
on the waveguide shorting plate and on the inside surface of the waveguide in the area
where the test sample was located. This deposit was apparently boric oxide (B203), and
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in some cases the test specimen would be fused to the shorting plate during the deposit
formation. When the shorting plate was removed after the high-temperature test, a por-
tion of the test sample would sometimes adhere to it, as shown in figure 10, and the test
sample would be destroyed, so that further evaluation of that sample was not possible.

Results for isotropic pyrolytic boron nitride (IPBN) are presented in figure 9(c)
with the dielectric constant values being within 1 percent at room temperature and 3 per-
cent at 1373 K of data obtained from the manufacturer; however, a large difference in the
loss~tangent data is obtained at room temperature, since loss-tangent data from the
manufacturer give a value of 0.00006 as compared with the measured value of 0.0015.
Other values measured at the lower temperatures are considerably higher than those
supplied by the manufacturer; however, better agreement was obtained at temperatures
above 1000 K. At 1373 K the value supplied by the manufacturer is 0.00012 and the meas-
ured value was 0.0005. The large differences at the lower temperatures could possibly
be attributed to more moisture contained in the test samples measured in this program
since the manufacturer's data were obtained on samples that were dried in a vacuum oven.
The IPBN test samples left a deposit on the waveguide test section and the shorting plate
during the high-temperature tests similar to those experienced with the HD-0092 material.
This deposit was apparently a B9Og formation as before.

The results obtained for the aluminum phosphate foam (AIPO4) material are pre-
sented in figure 9(d).

Two silica composite materials were evaluated and the dielectric properties for
those materials are presented in figures 9(e) and 9(f), and photographs of samples of
these materials are shown in figures 11(a) and 11(b).

The results obtained for the silicone ablative antenna window material (SLA-220V
H/C) are presented in figure 9(g). This material was developed primarily for high-
impulse heating applied to only one surface and is not suitable for exposure to high soak
temperatures. It was therefore evaluated up to a maximum test temperature of only
773 K. The dielectric constant changed very little until the temperature exceeded 673 K
and then it decreased slightly. This small decrease was apparently due to shrinkage of
the test sample during the temperature soaking which would indicate a lower dielectric
constant. The loss tangent was 0.005 at room temperature, decreased to 0.0035 at
473 K and 573 K, and then increased slightly to approximately 0.006 at 773 K.

Dynaquartz, a low-density insulation material being considered for possible appli-
cations over or near the space-shuttle-orbiter antennas, was measured as a function of
temperature and the results obtained are presented in figure 9(h).

Several RSI materials were evaluated, and the results obtained for these materials
are presented in figures 9(i) to 9(m). Figure 9(i) shows the results obtained for the all
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silica LI-1500 material. Measurements were made of samples having two different
densities and the data show the effect of the density change on the dielectric constant.

The data show very little change in €, as a function of temperature over the range
investigated. The loss tangent increased from approximately 0.0005 at room temperature
up to 0.0016 at 1473 K. These data are for the uncoated test samples; however, test data
obtained for coated samples are discussed in a subsequent section.

Figure 9(j) presents data obtained for LI-900, another all silica material. This
material is basically of the same composition as the LI-1500 material except the density
has been reduced.

Data obtained for mullite HCF are presented in figure 9(k). The material composi-

tion was changed and the data obtained for the new composition, mullite HCF MOD IIIA

are also presented in figure 9(k). The density of the new material is somewhat higher
than that of the original material which explains its higher dielectric constant. The loss
tangent of the modified material is also higher over the entire temperature range. As the
data indicate, the dielectric properties of this material changed considerably as a function
of temperature, and this result is not a desirable property for an antenna window material;
however, other factors could make the material more suitable for a particular application.

The results obtained for the other mullite material evaluated, mullite MOD IA, are
presented in figure 9(1). The changes in the dielectric properties as a function of tem-
perature of this material were much less than those for the mullite HCF materials.

The test data for the closed porosity insulation, CPI-35, are presented in figure 9(m).
Two tests were conducted for the same test sample with the first test having a maximum
temperature of 1273 K and the second a maximum temperature of 1473 K. The loss tan-
gents were essentially the same for both tests; however, the dielectric constant deviated
considerably at temperatures above 1073 K. It is important to note that the dielectric
properties returned to the same values after cooling to room temperatures; therefore,
the high-temperature cycling apparently produced no permanent change in the room-
temperature performance of the material. This particular material did exhibit a large
change in both the dielectric constant and loss tangent as a function of temperature, which
is not desirable for an antenna-window material as previously stated.

Several rubber-compound materials were evaluated from ambient up to 473 K, and
these data are presented in figures 9(n), 9(o), and 9(p). The densities of these materials
range from 246 kg/m3 to 455 kg/m3. The dielectric properties of all the materials
behaved in a similar manner as a function of temperature with both the dielectric constant
and the loss tangent decreasing with increasing temperature over the range evaluated.
The dielectric-constant values ranged from 1.30 to 1.68 at room temperature.

12



The results obtained for SLA-561V H/C, the only ablative thermal-protection-
system material evaluated, are presented in figure 9(q). The dielectric constant increased
from a room-temperature value of 1.302 up to 1.323 at 473 K and 573 K, then decreased to
1.272 at the maximum test temperature of 673 K. The loss tangent behaved in a similar
manner, as it increased from a room-temperature value of 0.0083 up to 0.0111 at 473 K,
then decreased to approximately 0,0050 at 573 K and 673 K. This apparent decrease in
both the dielectric constant and loss tangent at the elevated temperatures could be attrib-
uted to shrinkage of the test sample which would produce this effect.

Most of the RSI materials require thin surface coatings (refs. 1 to 3) for the purpose
of preventing moisture absorption, improving the materials' resistance to damage from
both handling and erosion, and improving the emmissivity. If an RSI material with its
associated surface coating is to be used over the space-shuttle antennas, the transmission
properties of the surface coating, as well as those of the basic RSI material, must also be
determined as a function of temperature. After the dielectric properties of all the RSI
materials were determined as a function of temperature, measurements of the trans-
mission properties of the surface coatings as a function of temperaturé were then made
by using the shorted waveguide technique as before. The test samples were placed in the
high-temperature waveguide as shown in figure 12, The length of the test sample meas-
ured within the dielectric medium was 0.75 waveguide wavelengths, and the surface
coating is located at approximately an electric field maximum. This location would tend
to accentuate any change in transmission loss of the surface coating as a function of
temperature.

The voltage standing-wave ratio was measured and the equivalent voltage reflection
coefficient was determined for the empty waveguide as a function of temperature and this
value was used as a reference for comparing the RSI materials data. The data obtained
for the empty short-circuited waveguide are shown in figure 13.

Four different RSI materials were evaluated, and some typical test samples of these
materials with and without surface coatings are shown in figure 14. The materials evalu-
ated were LI-900, LI-1500, mullite MOD IA, and mullite HCF MOD IITA. The surface
coating used on the LI-900 and LI-1500 materials was grey in color and designated as
0042. The mullite MOD IA and mullite HCF surface coatings evaluated were SR-2 (brown)
and B-7 (black), respectively. Voltage reflection coefficients as a function of temperature
for the four materials with and without surface coatings are shown in figure 13. The
surface-coating effect can be determined by comparing the results obtained for a material
with a surface coating with those obtained for the same material without a surface coating.
As the reflection coefficient decreases, more power is being dissipated in the test sample
and/or the surface coating.

13



The results obtained for the LI-900 and LI-1500 materials were almost identical;
therefore, the data presented in figure 13 are representative of both materials. These
results indicated very little change in the waveguide reflection coefficient when the 0042
surface coating was added. This small reflection-coefficient decrease at room tempera-
ture remained about the same over the entire temperature range investigated. These
data indicate very little change in the fransmission properties of these materials, even
after the addition of the 0042 surface coating, as a function of temperature.

The addition of the SR-2 surface coating to the mullite MOD IA material changed
the voltage reflection coefficient only slightly at room temperature; however, as the tem-
perature increases the surface-coating effect becomes more apparent, as shown in fig-
ure 13. For example, at 1473 K the reflection coefficient measured for the uncoated
material is 0.818 and that of the coated sample is 0.618. Therefore, the SR-2 surface
coating has a considerable influence on the transmission properties of the mullite MOD IA
material at elevated temperatures.

The mullite HCF MOD IIIA surface coating produced a very small voltage-reflection-
coefficient change of from 0.890 to 0.884 at room temperature. The difference between
the reflection-coefficient values obtained for the uncoated and coated samples increases
slightly with increasing temperature, as shown in figure 13. The value obtained at 1473 K
for the coated sample is 0.416 as compared to 0.495 for the uncoated sample.

The data presented in figure 13 were also used to determine an approximate trans-
mission loss for each of the surface coatings as a function of temperature. The surface
- coating was located at a maximum point of the standing wave inside the waveguide and
couples only to the E-~field; therefore, the observed loss for the coating is four times the
loss that would be measured if the same input power level were transmitted into a matched
load. In order to determine the transmission loss for the'surface coatings, the loss in
reflected power for the sample with no surface coating as a function of temperature was
determined from the voltage-reflection coefficients presented in figure 13. Similar values
were determined for the samples with surface coatings. The transmission loss of each
surface coating was then determined by subtracting the loss obtained for a sample with no
coating from that obtained for the sample with the surface coating. One-fourth of this
difference should be the transmission loss of the surface coating only, and these data are|
plotted in figure 15 as a function of temperature for the three RSI surface coatings
evaluated. The transmission loss measured for the 0042 surface coating on LI-900 and /
LI-1500 was extremely low over the entire temperature range as shown in figure 15.

The loss determined for the SR-2 surface coating on mullite MOD IA as shown in
figure 15 indicates a very small transmission loss at room temperature; however, it
increases to 0.63 dB at 1473 K.
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The results obtained for the B-7 surface coating on mullite HCF MOD IIIA show a
very small transmission loss at room temperature. The data obtained for this surface
coating are very similar to that of the SR-2 surface coating up through 873 K. For tem-
peratures greater than 873 K the transmission loss of the B-7 surface coating reaches a
maximum value of 0.39 dB at 1473 K.

CONCLUDING REMARKS

Results have been presented of an experimental investigation to determine the dielec-
tric properties of several candidate space-shuttle antenna-window and thermal-protection
materials,

The agreement between measured and available published data was generally very
good with the major differences occurring in the loss-tangent data at the lower tempera-
tures. Most published data were obtained with test samples that had been dried in a
vacuum oven; however, the data obtained in the present investigation were for test
samples that had been oven dried only at atmospheric pressure and possibly could have
retained more moisture that caused the measured loss-tangent values to be higher. In
an actual shuttle application the antenna-window material would normally be exposed to
atmospheric conditions during portions of the flight which could produce a higher loss
tangent if the material were susceptible to moisture absorption.

Several of the antenna-window materials showed relatively small changes (less than
5 percent) in the dielectric constant and low loss tangents from room temperature to
1473 K. The boron-nitride materials (that is, IPBN and HD-0092) formed what appeared
to be boric oxide (B203) deposits on the surface of the test samples during the high-
temperature tests, which caused the test samples to adhere to.the waveguide test section.
This deposit could conceivably create a problem in a shuttle antenna-window application
where it might be desirable to remove the window from surrounding materials after expo-
sure to a high-temperature shuttle entry. These materials should be investigated in an
environment more closely simulating the shuttle-orbiter entry conditions prior to their
use on the shuttle.

The LI-900 and LI-1500 reusable surface insulation materials exhibited very little
change in the dielectric constant, and the loss tangent remained below 0.002 from room
temperature to 1473 K. The 0042 surface coating on LI-900 and LI-1500 produced a very
small transmission loss at 10 GHz over the temperature range investigated. The dielec-
tric properties of these materials and the very low transmission loss produced by the
0042 surface coating indicate them to be excellent candidate antenna-window materials
for the shuttle orbiter.
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Some of the RSI materials evaluated were still undergoing minor changes for
improving their thermal and/or mechanical properties, surface coatings, densities or
other material properties; however, the results obtained for a particular material should
be representative of that type of material. Small changes in the material composition
should not affect the dielectric properties appreciably; however, the final RSI material
selected for use as the shuttle-orbiter TPS should be evaluated to determine its dielectric
properties as a function of temperature and frequency before it is used as an antenna-
window material.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., February 4, 1974.
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APPENDIX
COMPUTER PROGRAM

PROGRAM DIELTKC (INPUT,0UTPUT,,TAPELO=INPUT)
FHIS PRUGRAM WILL DETERMINE FIVE POSSIBLE DIELECTRIC CONSTANTS
AND THEIR ASSGCIATED LJUSS TANGENTS FOR A SAMPLE IN A CLOSED
WAVE GUIDE. INPUT TU THE PROGRAM IS IN CARD FCRM AS DESCRIBED
BELUW
CARU UNE-
TEMP-TEMPERATURE MEASURED IN LDEGREES CENTIGRADE
CPAG-COEFFICIENT OF THERMAL EXPANSION FOR THE WAVE GUIDE
IN CENTIMETERS PER DEGREE CENTIGRADE
CFSMP~CUEFFICIENT OF THERMAL EXPANSIGN OF THE SAMPLE IN
 CENTIMETERS PER DEGREE CENTIGRADE
SMP XP—THERMAL EXPANSIGN OF THE SAMPLE FUCR THE TEST
TEMPERATURE IN CENVIMETERS PER CENTIMETER
FREG-TEST FREQUENCY
AWG—UDIMENSICN CF WAVEGUIDE IN CENTIMETERS
BHG—DIMENSICN OF WAVEGUIDE IN CENTIMETERS
CARD TwU-
SSMP-DINENSIGN OF SAMPLE IN CENTIMETERS
USMP-CINMENSICN UF SAMPLE IN CENTIMETERS
X1-PUSITIUN GF MINIMUM WilTH EMPTY WAVEGUIDE '
X2=PJUSITIUN CF MINIMUM WITH TEST SPECIMEN IN WAVE GUIDE
DX1—-wIuTH LF NODE AT DCOUBLE POWER POINTS.UOR AT PCOWER
LEVEL 3 Do ABJVE THE MINIMUM IN EMPTY WAVEGUICGE
DX2-WIDTH CF NOUE AT DGUBLE POWER POINTS,COR AT PCOKWER
LEVEL 3 DB ABOVE THE MINIMUM WITH TEST SPECIMEM IN
WAVECUIDE
ESTMK—AN ESTIMATE 3F ThE DIELECTRIC CONSTANT OF THE
TEST SPECIMEN
NOTE 1—-eEXTENSIVE REFERENLE WAS MADE TO NASA REPORT GE/EE/65-21
NUTE 2— ALL PARAMETERS ARE READ IN AN Ell.4 FORMAT
NuUTe 3- IF CFOMP 1S USEUTHE FIELD FOR SMPXP SHOULD BE LEFT BLANK
ODIMENSIUN Y(5)y CLTRK(5), TNLLSS(5)
REAL LAMECA,LAMUL,LAMDG
CUMMUN/UNE/NISPICNST
10 Rt AD 900 +SAMPLE
900 FURMAT(A10)
IF{EUF,10)50Cy1 1
11l REAU 1uOUs TEMPyCEWG s CFSMPySMP XP , FREG, Ahb.BNG
LI0U FURMAT(TELL.4)
IFLESF LU SU0,1E
15 READ 10004BSMPsDSMP 4K L 9X2+0X1+DX2+.ESTNMK
IF{EUF,10)50L0,2C
20 PI=2.%ASIN(L.)
PRINT 200U TEMP s CFWGoCFSMP 2 SMPXP sFREQ e AW G AR C e BSHPoDSMP o X1 o X2 DXl.
LDX2
AWL=ANGH (1o +CFWEHTEMP )
BaG=pnbL¥* (Lo +(FWE*TELMP)
IF(CFSMP oEQ e Ce) 30040
30 bOMP=gSMP+B OMPXSMPXP
DSMP=uUSMP+DOINPRSMPXP
GL Td 50
40 BSMP=pSMP* (1 +UFSNPRTEMP)
D3MP=UsMPH{ L. +CFSMP*TEMP)
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LAMDA=2.,958E10/FREQ
LAMOL=2. ¥Anyu
P=({LAMDA/LANMDC ) %
LAMDOLG=LAMOA/SGRT (1 .-P)
PlOS=2.%P1 *35MP
X=P105/L AMDG

N=Q

HARK=Y

J W=N+1

XU=N/2-0SMP/LAMUDG-ABS { X2—X1 }/LAMDG

IF(XJ.LTeva)Gu TO 69

IF (XUGT Qe bduU TU 200

PlAU=Z2.%P[%* XU

TRIXU=TAN(PIXU)

CNST==TP 1AL/ X

CALL FINDX{ESTMK,Y)

DU Lud I=1sb

DIEL={1e~-PI®((YLL)*(LAMDG/PIOS) )%%k2~1.)+1
CAMA={le—(BoMP/BRG)I¥{D]IEL-1.)

IFADlcle Ut ol o s ANUDIEL LT a26)DLIRKITI)=DIEL*{1.+GAMA)

IFlUltLo bl e 2 e Ca ANDeUIEL 2L T o3 20 DLTRKL 1)=DIEL+4.16%{1.—BSHP/BUHG)
IEAULELe GT o9 2) LLIRK{ L) =0l EL+GAMA

IF(DIELLTe1-)7C.80

DLUTRK(L) =0.

Tl Uuss(li=v.

wu Tu 10Y

PRI=P/DLTRK (]}

DU ek ASA3 S{CX2—-DX1)/0D>muP

FOs(r (L) #Y LT ANIPLAUISR®2)/ (TANCY (T ) )=x2%Y({)-TANIYLI))+Y(I))
TvbuSS{T )=00el X*(1.—PKI)*Fy

LunTInbi

CunT INUE

PRINT 2500

FURMAT L/ /8X* THERMALLY CURRECTED*)

PRINT ZUOU o TEMP sLFHGsCFSMP 9 SMPXP o FRFO s AWG o BUG s BSMP oDSMP o X1 o X24DX1 s
1DbX2

FURMATL(/ /1ISX¥INPUT*//75X%XTEMP =%c15.4% DEG C¥/SX¥CFul =%2F15.4% (M
APER UbL (¥/5XFCFSMP=%E15.4% (M PER DEG C*/5X%SMPXP=%EL1l5.4% CM PER
BOM*/SX¥F REW =%E15.4% HLI¥/SXFANG =¥E1S5.4% CM¥/SXEBRG =%
CELSed% CME/SX¥BSMP =%E15.4% CMER/SX¥DSMP =%EL15.4% CM¥/5X*X]1 =%E
O15.4% CM¥/5X%X2 =¥E15.4% CM¥/5X%DXL =%E15.4% CM%/5X%0X2 =%
EELS.4% (M¥)

PKINT 3500.5SAMPLE

FURMAT{/ /% TFHE SAMPLE IS*3XsAl0)

PRINT 4UC0,ESTMK

FURMAT(/ /5X*THE ESTIMATED ODIELECTRIC =%E15.6)

IF (MARK. EW L JGU TC Suu

PRINT 36009 ({1 sUDLTRK{1) o TNLCSS(I)el=1:5)

FURMAT(/ /15A%UUTPUT*/ 4 X¥ [ ¥4 X*¥UIELECTRIC*S5X¥TANLNSS*/ (54 2E15.6))
U Td 10

PRINT 5000

FURMAT (/% XU COULD NJUT BE DETERMINFD*)

MARK=1

GU Tu 1190

STJupP

END
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PRUGKAM LENOGTH InCLUDINGL 1/0 BLFFERS

JUs o4

FuUnCTIuN AsdSluolMEnTS

STATEAENT

1c¢
EXV)
79
PAVIV]
PAVIVEY)
4 U0y

SLULK
JdNE

VARTAabLE ASSIGHMENTS

ANG
Clao
DLT RK
ESTHK
i
MAKK
PIUS
SMP XP
X

Y

START Jf

yulasi

STAKT Uk

Julous

START uF

NAVIVIER

Ad>fuamENTS

JJuyu 3
JuUulwl
wJu3ub
JII4aD
Judd il
vuubol

JUJUU3

Judoill
JUUbLD
vJdvosu
Jud TUl
vuulle
JUuTJ6
IVIVIVN QU]
wuboT
JduTus
Juvou4al

Cund>TANTS

s MPURARTES

InoIRECES

il
40
o3V}
5049
2500
5000

NAMES AND L ENGTHS

vdMP
LS T
DaM P
Fw
LaM DA
i
PIAL
TEAP
AU

UnNUSEY CUMPILER SPACE

Uil4uy

CuulL~
CC0l4o
LOC311
vUL4abs
G8L500
CUCb76

CuLeis
¢OCLU20L01
vlUlo 14
Quo7LY
Cu0660
GO07us
COC71v
Co0664
Lo 707

15
29
oy
9u0
30UV

Bwb
UDELX
Dx1
FREW
LAMUC
p

PK 1
TNLJDS
X1l

Gugcusl
0acC154
GuQ345
C0C4b6 7
0acs617

GQC672
00CT71o
00ceT?
Co06790
000661
coL702
caci7Ls
00653
COC6TS

20
&0
110
1090
350u

CFSMP
DIFL
DXx2
GAMA
LAMDG
PI
SAMPLE
TPIXD
X2

CcC0066
0€0175
0C0347
CC0472
6C0555

0€0666
0C0713
CCoT00
CCo14
CCCee2
ccogoi1col

. 6C0663

0Co711
0C0676
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SUBRUUTINE FINDX(ESTMKsY)

Jyouous DIMENSIUN Y({5)

JQJuo0s CUMMUNZONE/N1,P1+CNST

[FIVVIVIVE) EXTERNAL TANY

JQ0u0s El=1.E-5

U0u00o tl=l.E-0

00uu07 DELY=.0001

VICIVIVE N=Q

JQoolii MA X=2u0

JQuuid ES TMKR=E STMK

JOull4 1O TF{ESTMK o GE o (ZEN—1)%P1/ 24 s ANDSESTMKLLEL L 2%N+1)%P1/2.)20.70
00035 20 DU 6V I=145

JUI037 NI =(N=-3) +]

J00041 CALL ITRLIIESTMKR,DELY+TANY»EL+E2«MAX. ICONED
JOUUSY ICUDE=ICGDE+]

Judos52 GU TU (30,40+50)01CUDE

J0006 1 30 Y{UI)=ATANESTMKR)+Ni%PI

OuJ071 Gu Tu 60

JO0uT2 40 PRINT 1og0

JOUUTo 1000 FURMAT{* FAILLED TO CUNVERGE IN 200 TTFRATIONS®)
Jull7o GU TU 60

J0010v 50 PRKINT 2000

JJ0lo4s 2000 FURMAT(* DERIVATIVE EQUALS ZERU%)

JOU10G 63 CLNTINUE

UJullo Gu Tu 89

00011V 70 IFANLGTL5)) Gu Tu 75 :
Jullla N=N+1

UJolls Gu Ty 10

YU0ll5 75 PRINT 3000

VU0l 3090 FUORMAT(* ESTIMATE UUT UOF KRANLE*)

vzl 80 CUNTINUE ‘

JOUiLZ21L RE TURN

Juooi22 END
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CLG10 70 -~ C00110 15
Cyglse 2009 - G0C140 3600
GJO1l6o El - 000le61 E2
CiCl7v MAX = Cuoles N
QJuCuLiol
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0G0115
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FUNCTION TAnYLY)

JOuuu s COMMON/UNE/NLsPI4OUNST

NIVIVIVIVE ) TANY=CANSTH*ATAN(Y )J+CNSTHnN{*P1
J0yol1l RE TUR

NIV IVE WP Einb

TANY

SUBPRULRAM LENGLTH
wUJo22

FUNCT LUN ASSIGNMENTS
STATEMENT ASSIGNMENTS

BLOLK NaMEd alNU LENLTHS
JNE = JJouyo3

VARIABLE A5SIGNMENTS
CNST = WUJOUZLUL NI = 0000wuCol Pl - C0CCoICUuLl TANY

START JF LUNSTANIS
J0u01l4

START UF TEMPURARIES ‘ ;
JUuuls

START UF INOUIRECTS
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510 010014 SYSTEM 0cs5702
INPUTC 0CE502
OUTPTC 0C7013
STJeEND 0LO515 SYSTEM 0c€5753
UPEN 010570 SYSTEM 006053
KOPRU. 010632 IFENDF 0C6571
BKSPRU. 0L 0650 IFENDF 0C65T7
ADVIN. UL 0655 SYSTEM 0C%752
PUSFI. 010703
MVWDS. 011030
GETBA Ui lo4s SYSTEM 005504
IFENDF 0C6541
SI1U% QACT7752
KRAKER Ulive4 INPUTC 0C6430 006447
KuDER 0121217 JUTPTC 006776 cC6761
————UNSATISFIED EXTERNALS————~ REFERENCES
INPUT
TEMP = 2.5000E+ 01 DEG C
CFAG = 8. 800UE-06 CM . PER DEG €
CFSMpP= 3. U0U0E-C6 CM PER DEG C
SMPXP= Oe (M PER CM
FREW = le GJUJE+ 10 HZ
AL = 2 27T33E+30 LM
BWG = 1. ULO6DE+00 (M
BIMP = 1. 0lU9E+CO CM
pSMe = 2.3292E+C0O (M '
X1 = 1. 3800E+CL CW¥
X2 = 1. 2730E+0L (M
DXi = 44 1000E-02 CM
DX2 = 1. 1500E-01 CM
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\). \).
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c. 00
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FREQ = l. OUVUE+ 10 HZ
ARG = 2.27T33E+C0 CM
Bue = 1.« Ul60E+00 LM
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BXL = 44 150UE-02 (M
Uxe = T.2000E-C2 (M
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Surface temperature, K

. Shaded area indicates possible RSI usage

Figure 1.- Predicted maximum shuttle-orbiter-entry
temperatures, K, converted from OF in reference 1.
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Figure 2.- Predicted RSI TPS surface-temperature profile for an antenna
located on the forward bottom center line of a high-cross-range orbiter.
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Figure 3.- Rectangular cavity with typical test samples.
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Figure 4.- Voltage standing-wave ratio (VSWR) within
short-circuited waveguide.
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Figure 9.- Dielectric properties of candidate space shuttle materials

as a function of temperature at a frequency of 10 GHz.
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(a) Fused quartz reinforced silica composite (AS-3DX).

(b) Multidirectional silica composite (Markite 3DQ).

Figure 11.- Silica composite materials.

1,-72-728

L-T2-7217

49



50

[ri

Voltage-reflection coefficient,

0.80

0.75

0.70

0.65

0.60

0.50

0.h5

0.40

Surface coating —\ R8I test sample

Short

RF inpub =g

Waveguide -—/ }—O. i) 7\8—-{

Figure 12.- Sketch of short-circuited
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Figure 13.- Transmission properties of RSI surface coatings
as a function of temperature at 10 GHz.




(a) LI-1500.

(b) Mullite MOD IA.

Figure 14.- RSI test samples with and without surface coatings.
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Figure 14.- Concluded.
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